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A microscopic study of the trichomes on gynoecia of normal and
tetraploid Clark cultivars of Glycine max and seven near isogenic lines
Abstract
The surfaces of gynoecia of Glycine max cultivars—normal Clark, a tetraploid Clark, and seven
isolines—display variations in at least three types of trichomes. The normal Clark soybean gynoecium has at
least three and possibly four types of trichomes: a two‐ to four‐celled, elongate, thick‐walled trichome
(TWT), an elongate thin‐walled unicellular trichome (UCT), a secretory multicellular trichome (MCT), and
an elongate thin‐walled bicellular trichome that we have interpreted as an immature TWT. All these types are
present on the gynoecium by 1 d before anthesis. After fertilization, the UCT is rare, but the other types
continue to initiate and develop on the young pod. During flowering, the UCT and the MCT are distributed
along the ovary from the base of the gynoecium to the top of the ovary. The TWT forms primarily along the
dorsal side of the style. The Clark tetraploid and the extra-dense, dense 1, dense 2, sharp hair tip, sparse, and
puberulent isolines have all four types of trichomes on their gynoecia, although TWTs and UCTs are very
short in the puberulent isoline. The glabrous isoline is missing the TWT but has a short, thin‐walled trichome
that occurs infrequently, mainly along the dorsal side of the style. The ratio of TWTs on the gynoecium of the
normal Clark to those on the isolines is 1:4 on extra-dense, 1:3 on dense 2, 1:1.6 on dense 1, 1:2 on the
tetraploid, 1:0.5 on the sparse, and 1:0.2 on the puberulent. There is a positive correlation between the
expanded distribution of TWTs onto other parts of the gynoecium and increased pubescence of TWTs on
the gynoecium. The numbers and morphology of MCTs are similar in the normal Clark, the tetraploid, and
the seven isolines, except for extra-dense, where the numbers of MCTs are suppressed. The numbers of UCTs
were significantly greater on the extra-dense, dense 2, and dense 1 isolines than on the normal Clark, but
distribution was the same. During early pod development, TWTs and MCTs are most prominent, indicating
that the UCTs either disappear or may be a precursor of TWTs. No functions are known for any of the types
of trichomes on soybean gynoecia, but possible roles are discussed.
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The surfaces of gynoecia of Glycine max cultivars—normal Clark, a tetraploid Clark, and seven
isolines—display variations in at least three types of trichomes. The normal Clark soybean gynoecium has at
least three and possibly four types of trichomes: a two- to four-celled, elongate, thick-walled trichome (TWT),
an elongate thin-walled unicellular trichome (UCT), a secretory multicellular trichome (MCT), and an elongate
thin-walled bicellular trichome that we have interpreted as an immature TWT. All these types are present on
the gynoecium by 1 d before anthesis. After fertilization, the UCT is rare, but the other types continue to
initiate and develop on the young pod. During flowering, the UCT and the MCT are distributed along the ovary
from the base of the gynoecium to the top of the ovary. The TWT forms primarily along the dorsal side of the
style. The Clark tetraploid and the extra-dense, dense 1, dense 2, sharp hair tip, sparse, and puberulent isolines
have all four types of trichomes on their gynoecia, although TWTs and UCTs are very short in the puberulent
isoline. The glabrous isoline is missing the TWT but has a short, thin-walled trichome that occurs infrequently,
mainly along the dorsal side of the style. The ratio of TWTs on the gynoecium of the normal Clark to those on
the isolines is 1 : 4 on extra-dense, 1 : 3 on dense 2, 1 : 1.6 on dense 1, 1 : 2 on the tetraploid, 1 : 0.5 on the
sparse, and 1 : 0.2 on the puberulent. There is a positive correlation between the expanded distribution of
TWTs onto other parts of the gynoecium and increased pubescence of TWTs on the gynoecium. The numbers
and morphology of MCTs are similar in the normal Clark, the tetraploid, and the seven isolines, except for
extra-dense, where the numbers of MCTs are suppressed. The numbers of UCTs were significantly greater on
the extra-dense, dense 2, and dense 1 isolines than on the normal Clark, but distribution was the same. During
early pod development, TWTs and MCTs are most prominent, indicating that the UCTs either disappear or
may be a precursor of TWTs. No functions are known for any of the types of trichomes on soybean gynoecia,
but possible roles are discussed.
Keywords: Clark near-isogenic lines, Glycine max, gynoecium, multicellular secretory trichome, soybean,
thick-walled elongate trichome, unicellular elongate trichome.
Introduction
Chinese crop breeders have made advances toward produc-
ing hybrid soybeans with the identification of cytoplasmic
male-sterile and restorer lines (Smith 2003). Now it becomes
increasingly important to identify floral traits that will en-
hance pollinator attraction to Glycine max (L.) Merr. (Dela-
plane and Mayer 2000). Attractiveness to pollinators is vital
to successful hybridization efforts because G. max is an au-
togamous species in which outcrossing typically occurs infre-
quently (Palmer et al. 2001). Factors of potential interest are
the number, types, and functions of trichomes present on the
gynoecium of a soy flower. There is little known about the
structure and function of trichomes on plant gynoecia in gen-
eral (Werker 2000) and even less about those on the soybean
gynoecium. The literature on soybean trichomes is primarily
focused on leaves and stems (Bernard and Singh 1969; Fran-
ceschi and Giaquinta 1983; Gunasinghe et al. 1988).
Crozier and Thomas (1993) reported that soybean tri-
chomes begin forming on the abaxial side of the carpel
around the time of suture formation, after the staminal ring
has been initiated. Their micrographs show that some of
these trichomes already have elongated by the time the style
begins to lengthen. They reported that the gynoecium is pu-
bescent by the time of anthesis, but they did not describe the
types or numbers of trichomes.
Guard (1931) identified two types of trichomes, unicellular
and multicellular, on the soybean gynoecium and indicated
that they were similar to those on the leaves and calyx. The
multicellular trichomes were reported to have four to six
uniseriate cells. Later, Franceschi and Giaquinta (1983) de-
scribed the multicellular trichomes on soybean leaves from
initiation through senescence.
During a study on soybean nectaries, we observed three
types of trichomes on the soybean gynoecium (Horner et al.
1 Author for correspondence; telephone 515-294-8635; fax 515-
294-1337; e-mail hth@iastate.edu.
Manuscript received September 2004; revised manuscript received December
2004.
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2003). These included the unicellular and multicellular types
described by Guard (1931) and a third type consisting of two
to three cells with thick walls. In the nectary study, our goal
was to better understand nectar production for pollinator at-
traction or reward by investigating the development of soy-
bean nectaries. The superficial observations of gynoecial
trichomes reported in that study piqued our interest in gy-
noecial trichomes as potentially important in pollinator at-
traction or reward. Here we present our detailed findings of
three or more types of gynoecial trichomes.
We studied the types of trichomes present on the gynoe-
cium (including the style and ovary but not the stigmatic
hairs) of the normal Clark soybean cultivar from 1 d before
anthesis through anthesis. This period corresponds with the
preactive to postactive nectary stages defined by Horner
et al. (2003). We were interested in how the trichomes during
this period differed in type, number, and location on the gy-
noecium of the normal Clark, the tetraploid, and seven near-
isogenic lines (isolines). The isolines included the glabrous,
puberulent, sparse, sharp hair tip, dense 1, dense 2 and
extra-dense isolines, all named according to their leaf tri-
chomes (table 1). The Clark line was chosen for study
because the isolines have different alleles that affect pubes-
cence, and they are readily available for research (Bernard
and Singh 1969).
We asked the following questions: Does the type and cor-
responding density of pubescence on the leaves and stems ex-
ist on the gynoecium as well? Are all types of trichomes
morphologically and/or numerically impacted by the allele
that affects pubescence in each isoline, in comparison with
the normal line? What is the effect of tetraploidy on pubes-
cence of the gynoecium? How are the types of trichomes dis-
tributed on the gynoecia of each isoline and the tetraploid, in
comparison with the normal line? Answers to these questions
will help to formulate hypotheses for their functions on the
gynoecium, which we speculate on in the ‘‘Discussion.’’
Material and Methods
For light microscopy (LM) and scanning electron micros-
copy (SEM), very young flower buds, flowers at least 2 d
before anthesis, flowers 1 d before anthesis, flowers at anthe-
sis, and young pods were collected from greenhouse-grown
and field-grown normal Clark soy plants (Glycine max).
Fresh flowers during the same stages were collected from
greenhouse-grown Clark tetraploid and the following Clark
isolines: glabrous, puberulent, sparse, sharp hair tip, dense 1,
dense 2, and extra-dense (fig. 1). The sepals and petals from
fresh flowers were removed and the gynoecia placed in 2%
glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium
cacodylate buffer, pH 7.2, put under vacuum (pressure: 18
psi Hg) for 5 h at room temperature, and then fixed over-
night at 4C. Fixed gynoecia were washed three times in the
same buffer, postfixed in buffered 1% OsO4 for 1.5 h,
washed two times in the same buffer followed by deionized
water, and dehydrated in an ethanol (ETOH) series to abso-
lute ETOH. For SEM, flowers fixed and processed to 100%
ETOH were critical-point dried (Denton critical-point drying
apparatus) using liquid carbon dioxide, mounted on alumi-
num stubs with double-stick tape, silver-painted around the
edges of the adhered specimens, sputter-coated (Denton vac-
uum) with Au/Pd, and viewed in a JEOL 5800 SEM at
10–15 kV. For LM, flowers fixed and processed were either in-
filtrated and embedded in LRW resin (London resin white) and
polymerized at 60C for 1 d or further dried in acetone, infil-
trated and embedded in Spurr’s hard mixture resin (Spurr
1969), and polymerized at 70C for 2 d. Resin-embedded gy-
noecia were oriented dorsal-to-ventral to obtain longitudinal,
median 1-mm-thick sections through the stigma, style, and
ovary using glass knives (Reichert Ultracut S ultramicro-
tome). Sections cut in any other direction would not include
all of the trichomes along the gynoecium. The sections were
heat-adhered to glass slides without adhesive, stained with
toluidine blue O, rinsed, and dried; a drop each of xylol and
Permount was added, and the sections were coverslipped.
The periodic acid–Schiff’s (PAS) technique was used on
LRW-embedded flowers following the protocol of Ruzin
(1999). Five median to near-median sections 25 mm apart
were cut in a series from each of five gynoecia from the nor-
mal Clark, its tetraploid, and its seven isolines.
During initial observations of trichomes on the nine lines,
differences in numbers and distribution of trichomes were
noticed among the lines, particularly at the level of the nec-
tary and along the style. Therefore, we divided the gynoe-
cium into five zones based on our perceived notions of where
on the gynoecium the distributions and relative numbers of
Table 1
Near-Isogenic Lines of the Soybean Cultivar Clark Used in This Study to
Examine Pubescence on the Gynoecium
Line designation Gene Phenotype References
L49-5138 p1P2pbpd1pd2ps Normal Johnson 1958
Undesignated p1P2pbpd1pd2ps Tetraploid Hadley and Hymowitz 1973
L62-1385 P1 Glabrous Nagai and Saito 1923
L70-4049 p2 Puberulent Stewart and Wentz 1926
L73-1034 Pb Sharp hair tip Ting 1946
L62-1686 Pd1 Dense 1 Bernard and Singh 1969
L75-6648 Pd2 Dense 2 Palmer et al. 2004
L79-1815 Pd1Pd2 Extra-dense Bernard et al. 1991;
Gunasinghe et al. 1988
L71-149 Ps Sparse Bernard and Singh 1969
Note. Table modified from Bernard and Singh (1969) and Bernard et al. (1991).
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trichomes differed between a given isoline and the normal
Clark. The relative numbers and distributions of each type of
trichome on the gynoecium at the time of anthesis were ob-
tained by counting the number of each type within each zone
(fig. 2A). The divisions are depicted on a median, longitudi-
nal gynoecium section of normal Clark (fig. 2A). Zone 1 in-
cludes the base of the gynoecium, where the epidermal cells
of the gynoecium meet with those of the nectary, to the apex
of the nectary; zone 2 includes the apex of the nectary to the
top of the second ovule (or the top of the first ovule where
only two ovules were present); zone 3 includes the top of the
second ovule (or first ovule when only two were present) to
the juncture of the ovary and style, as judged by the constric-
tion of the gynoecium and the transition of small ovary epi-
dermal cells to larger style epidermal cells; zone 4 includes
the straight portion of the style to where the style begins to
bend; and zone 5 includes the style bend to the base of the
stigma. Trichomes were only counted if their basal cell in
the epidermis was visible. All basal cells were measured to be
less than 25 mm in diameter parallel to the epidermal surface.
Thus, 25-mm increments between each of the five sections
were chosen to eliminate counting the same trichome twice.
Counts were verified by R. A. Healy and H. T. Horner. Data
from the dorsal and ventral sides of the gynoecium were kept
separate initially to statistically test any differences in
number and/or type of trichomes. Only the number of thick-
walled trichomes was significantly affected by their side loca-
tion. After determining this, we combined the counts from
five sections and both sides from the five gynoecia.
Differences among the nine variants, among the five zones,
between the dorsal and ventral sides of the gynoecium, and
the interactions of variant by zone, variant by side, and zone
by side were completed using ANOVA F-tests. A 5% level of
significance (a ¼ 0:05) was used for all tests of hypotheses
unless otherwise stated. Significant tests were interpreted
using means and standard errors of means (SEs). The three-
factor interaction was not significant for any of the three
types of trichomes.
Fig. 1 Stereomicroscopy of fresh, whole gynoecia of Clark near-isogenic, normal, and tetraploid lines. A, Glabrous. B, Puberulent. C, Sparse.
D, Sharp hair tip. E, Normal Clark. F, Dense 1. G, Dense 2. H, Extra-dense. I, Tetraploid. All scale bars ¼ 1 mm.
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Results
Morphology, Anatomy, and Distribution of Trichomes
in Normal Clark, the Tetraploid, and
the Seven Isolines
Unicellular trichomes (UCTs). UCTs are elongate and
have a large nucleus and a cuticle continuous with that of ad-
jacent epidermal cells. The UCT is at first densely cytoplas-
mic, but as it elongates it becomes vacuolate (fig. 2B), as
occurs in most developing nonsecretory trichomes. The cell
wall of the UCT is ca. 0.5 mm thick. UCTs are distributed
from the base of the gynoecium to the top of the ovary
(zones 1–3), where the style begins (zone 4) (fig. 2A; UCT in
fig. 4A). UCTs are highest in number along the ovary above
the nectary and below the style (zones 2 and 3). The tetra-
ploid and all of the isolines have the same pattern of distribu-
tion of UCTs as normal Clark.
UCTs are similar in size and shape on all but the puberu-
lent isoline, in which the UCTs are very short and bulbous
(UCT in fig. 2C, 2D). UCTs in the glabrous isoline are of typ-
ical length and shape (fig. 2E).
Multicellular trichomes (MCTs). MCTs consist, typically,
of a short column of five or six, but occasionally up to eight,
mostly uniseriate cells in normal Clark (fig. 2F, 2G). Cell di-
visions are periclinal for the most part; rarely there are anti-
clinal divisions in one of the top three cells. MCTs are
present on the gynoecium by 1 d before anthesis, are distrib-
uted in normal Clark in zones 1–4, and are concentrated in
zones 2 and 3 of the ovary (MCT in fig. 4A), where they are
evenly distributed. This distribution pattern holds true for
the tetraploid and the seven isolines (MCT in fig. 4A). They
are typically procumbent but sometimes nearly erect, and
they typically point toward the stigma. Near maturity of the
MCT, the basal cells are each filled with a large vacuole,
while the uppermost cells remain densely cytoplasmic. The
outer walls are not cuticularized, as observed also by electron
microscopy. The outer wall surfaces of all of the epidermal
cells and other trichomes, however, are cuticularized and are
impregnated with a dark-staining substance. As found in
other secretory trichomes, the cuticle of the top two or three
cells detaches laterally from the wall to form a bubble, and
in many cases this bubble is formed on the side of the pro-
cumbent trichome next to the ovary (fig. 2H). MCTs in some
gynoecia, including those with preactive to postactive nectar-
ies, display a dark-staining, reticulate substance inside the
bubble (fig. 2H). The MCT cells associated with this sub-
stance appear plasmolyzed, with dense material concentrated
in the center of these cells (fig. 2H, 2I). Sometimes the MCTs
are associated with an amorphous substance on the epider-
mal cells adjacent to the trichome (fig. 2I, arrow). This sub-
stance is evidently insoluble in water, ethanol, and acetone,
as it was present after the fixation and processing steps.
MCTs appear the same in form and secretory habit in the
normal Clark, the tetraploid, and all isolines. MCT cell num-
bers up to 10 were found, though rarely, in the sparse and
tetraploid lines (fig. 2J).
Thick-walled trichomes (TWTs). TWTs have one to three
short basal cells and an elongate terminal cell (fig. 3A). The
TWTs are well developed by at least 2 d before anthesis,
when the other two types are just beginning to develop. The
wall of the terminal cell becomes thick (fig. 3A) and papillate
with maturity (fig. 3B). The average thickness at the base
of the terminal cell of 20 mature TWTs was 3.6 mm, with
a range of 2.4–4.6 mm. The lateral walls of the short basal
cell(s) also become thickened, but they are of a different
composition than the wall of the terminal cell. The basal cell
wall does not stain with toluidine blue O, which is a general
stain that has an affinity for proteins (fig. 3A, arrow), or
PAS, which stains non-water-soluble polysaccharides (fig. 3C,
arrow), and it is highly birefringent between crossed polar-
izers where at least two wall layers are visible. The outer por-
tion of the basal cell wall sometimes becomes papillate, like
the terminal cell wall.
In addition to the TWTs, there are elongate, thin-walled,
two-celled trichomes that occur predominantly near the top of
zone 3 in all except the glabrous isoline (fig. 3D). The bicellu-
lar trichome is present on the youngest gynoecium examined
at least 2 d before anthesis and is therefore interpreted as
being the first to form. TWTs are present at least 2 d before
anthesis, apparently replacing the bicellular trichomes. All
trichome types are present 1 d before anthesis. They continue
to initiate and develop throughout anthesis. Bicellular tri-
chomes, TWTs, and MCTs continue to be produced on young
pods, while UCTs are rare to absent. Trichomes were not ex-
amined on pods greater than 1 cm in length. These bicellular
trichomes are interpreted as young TWTs.
TWTs occur in zones 1–4 in the normal Clark, with the
majority being at the top of the ovary in zone 3 and along
the style in zone 4 (fig. 4A, TWT). This distributional pattern
is present in the tetraploid and in six of the isolines. In dense
1 and the tetraploid, TWTs may occur at the base of the gy-
noecium in zone 1. In dense 1, dense 2, extra-dense, and the
tetraploid, TWTs may occur beyond the bend of the style in
zone 5 (fig. 4A, TWT). TWTs are the predominant type
Fig. 2 A–C, E, G–J, Light microscopy of toluidine-blue-O-stained longitudinal sections through Clark soybean gynoecia. D, F, Scanning
electron microscopy of trichomes on Clark soybean gynoecia. A, Median section through normal Clark gynoecium, divided into five zones for
counting trichomes. Zone 1 includes the base of gynoecium to the tip of the nectary, zone 2 includes the tip of nectary to the top of the second
ovule, zone 3 includes the top of the second ovule to the base of the style, zone 4 includes the base of the style to the bend in the style, and zone 5
includes the bend in the style to the base of the stigma. B, UCT of normal Clark. C, MCT, UCT, and TWT of puberulent isoline. D, UCTs of
puberulent isoline. E, UCTs of glabrous isoline. F, MCT of normal Clark. G, eight-celled MCT of normal Clark. H, MCT of normal Clark. Wall of
top cells has bubbled out, and the space is filled with stained, reticulate substance. I, MCT of normal Clark and associated stained amorphous
material (arrow) on adjacent epidermal cells. J, Ten-celled MCT of sparse isoline. A ¼ anther; MCT ¼ multicellular trichome; N ¼ nectary;
O ¼ ovule;Ov ¼ ovary; S ¼ stigma; St ¼ style;T ¼ trichome;TWT ¼ thick-walled trichome;UCT ¼ unicellular trichome. Scale bar ¼ 200mm in
A; 30 mm in B; 25 mm in C, E; 10 mm in D, F–J.
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observed on the pod (fig. 3E). These mature TWTs are some-
times surrounded by a basal support collar of epidermal cells.
This collar is particularly evident on pods, but it is observed
to a lesser extent before fertilization (fig. 3A).
TWTs occur on the tetraploid and all isolines, except for
the glabrous. The glabrous isoline has a type of trichome
that is morphologically different from the TWT, UCT, and
MCT. It has a thin wall, like the UCT, but differs from the
UCT in having two to three cells and being shorter in
length. It differs from the bicellular trichome by having
more than two cells in some cases and being shorter in
length (fig. 3F, 3G). The cross walls in some of the glabrous
two- to three-celled trichomes divide the trichomes into
more or less equal cells (fig. 3F). The basal cell wall does
not appear to be different from the terminal cell wall (fig.
3F, 3G).
Fig. 4 A, Average numbers per five sections per five gynoecia of unicellular (UCT), multicellular (MCT), and thick-walled (TWT) trichomes in
five zones on gynoecia of normal Clark, tetraploid, and seven near-isolines. B, Average numbers per five sections per five gynoecia of TWTs on
dorsal and ventral sides of gynoecia of normal Clark, tetraploid, and seven isolines. C, Average numbers per five sections per five gynoecia of
unicellular (UCT), multicellular (MCT), and thick-walled (TWT) trichomes on gynoecia of normal Clark grown in a greenhouse (GG) and in
a field (FG).
Fig. 3 Light microscopy of (A, D–F, I, L) toluidine-blue-O-stained or (C) PAS-stained longitudinal sections through Clark soybean gynoecia
and trichomes. B, G, H, J, K, Scanning electron microscopy of trichomes on Clark soybean gynoecia. A, TWT in zone 4 of normal Clark, showing
basal cells with thick wall (arrow) stained differently from terminal cell wall. B, Basal portion of TWT of normal Clark. C, PAS-treated section of
TWT, showing lack of staining of basal cell wall (arrow) and positive staining of terminal cell wall. D, Young bicellular TWT near top of zone 3
on normal Clark, similar in appearance to a UCT. E, Young seedpod of normal Clark, showing TWTs and MCTs (arrows). F, Modified TWT of
glabrous isoline. G, Modified TWT of glabrous isoline, showing homogeneous appearance of wall surfaces. H, Gynoecium of puberulent isoline,
showing short TWTs. I, TWT of puberulent isoline, showing differentially stained walls of basal cell (arrow) and terminal cell. J, TWT of
puberulent isoline, showing smooth basal cell wall (arrow) and papillate terminal cell wall. K, TWTs of sharp hair tip isoline, showing pointed tips
(arrows). L, UCTs and TWTs in zone 3 of extra-dense isoline. Note bicellular trichome (BCT). BCT ¼ bicellular trichome; MCT ¼ multicellular
trichome; TWT ¼ thick-walled trichome. Scale bar ¼ 50 mm in E, K, L; 20 mm in A, C, D; 15 mm in F, I; 10 mm in B, G, J; 100 mm in H.
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The puberulent TWT differs from the normal TWT in its
relatively short length (fig. 3H–3J). As in the normal Clark
TWT, there are one to three basal cell(s) with thick, smooth
walls (arrow) of a different composition than the thick, pa-
pillate wall of the terminal cell (fig. 3I, 3J). The TWT of the
sharp hair tip isoline, as expected, has pointed apices, while
most TWTs of normal Clark are blunt (fig. 3K).
Relative Numbers of Trichomes on the Normal Clark,
the Tetraploid, and the Seven Isolines
The normal Clark was compared with each isoline and the
tetraploid in terms of ratios (table 2). Ratios were obtained
by taking the average number of each type of trichome from
five sections each from five flowers for each isoline and the
tetraploid and dividing that number by the corresponding
average for the normal Clark. Relative numbers of UCTs
vary from those on normal Clark on the tetraploid and all
isolines. The most significant difference (P < 0:0001, SE ¼
2:2629) is in the comparatively large numbers of UCTs in
zones 1–3 in the extra-dense and dense 2 isolines (UCT in
fig. 4A). Ratios of UCTs on normal Clark to those on extra-
dense, dense 2, and dense 1 are 1 : 3.2, 1 : 3.6, and 1 : 1.7,
respectively. Unexpectedly, the puberulent and sparse isolines
also have more UCTs in zones 2 and 3 than has the normal
Clark (P < 0:0001, SE ¼ 2:2629; UCT in fig. 4A). There is
no significant difference between numbers of UCTs on the
dorsal and ventral sides of the gynoecium.
The ratio of MCTs on normal Clark to those on the tetra-
ploid and most of the isolines is close to 1 (table 2). The av-
erage numbers of MCTs in zones 2 and 3 are significantly
lower (P < 0:0001, SE ¼ 1:0845) in the extra-dense isoline
(MCT in fig. 4A) than in normal Clark. The ratio of MCTs
on normal Clark to those on extra-dense is 1 : 0.4. There is
no significant difference between numbers of MCTs on the
dorsal and ventral sides of the gynoecium in any line.
The ratios of normal Clark TWTs to extra-dense, dense 2,
dense 1, tetraploid, sharp hair tip, sparse, and puberulent
TWTs are 1 : 4.4, 1 : 3.4, 1 : 1.6, 1 : 2, 1 : 0.6, 1 : 0.5, and
1 : 0.2, respectively. The TWTs on the seven isolines varied
from those on normal Clark in the same pattern for which
each isoline was named. In the glabrous isoline, trichomes
that we interpret to be highly modified from the TWTs occur
infrequently in zones 3 and 4, where TWTs would be ex-
pected (TWT in fig. 4A). For comparative purposes, these are
classified as TWTs in our analysis. The TWTs on the puberu-
lent isoline are significantly few in number compared to those
on the normal Clark (P < 0:0001, SE ¼ 1:0361; fig. 4A,
TWT). In the two isolines where TWTs are the most numer-
ous, extra-dense and dense 2, they occur in all five zones. In
dense 2 and extra-dense isolines, the majority of the epider-
mal cells in zones 1–3 are committed to UCTs and TWTs
(fig. 3L). Dense 1 and the tetraploid also have significantly
more TWTs in zones 3 and 4 than does normal Clark
(P < 0:0001, SE ¼ 1:0361).
To determine if ovary length correlated with the numbers
of trichomes, the median section through the gynoecium was
measured for the normal, the tetraploid, and the seven iso-
lines. The tetraploid was the only one of these lines that con-
sistently differed in length, and it averaged 0.5 mm longer
than the others. The greater gynoecium length may be a fac-
tor in the higher number of TWTs on the tetraploid. There
are significantly more TWTs in zones 3 and 4 on the dorsal
side of the gynoecium than on the ventral side (P < 0:0001,
SE ¼ 1:0361; fig. 4B). TWTs in zone 5 are always on the dor-
sal side of the style (fig. 1F–1I).
To study whether growth conditions affected the relative
numbers of trichomes on gynoecia of each line, field-grown
normal Clark was compared to greenhouse-grown normal
Clark. There was no significant difference in numbers of tri-
chomes averaged across the zones except for UCTs in zones
2 and 3, where they were statistically greater in number on
the field-grown normal Clark than on the greenhouse-grown
normal Clark (P < 0:0001, SE ¼ 2:2629; fig. 4C).
Discussion
Trichome Morphology
This detailed study has shown that there is a greater varia-
tion in the types of trichomes than initially reported by
Horner et al. (2003). By observing the normal Clark cultivar,
its tetraploid, and its seven near-isogenic lines, it is clear that
types and numbers of gynoecial trichomes are genetically
controlled by different alleles. These results show interesting
variations in trichomes that may be encountered in other
lines similarly scrutinized.
All types of trichomes were present in all isolines except
for glabrous, which was missing the TWT and the elongate
two- to three-celled trichome. Singh et al. (1971) described
TWTs on the glabrous isoline leaves and stems as stubby,
with one to seven cells, and detaching early in leaf/stem de-
velopment. A two- to three-celled type of trichome found on
the gynoecium of the glabrous isoline may be a modified
TWT because it occurs in the same place as TWTs. It is also
possible that it is a new type of trichome. This trichome is
similar to those described on leaves of the glabrous isoline,
although it does not detach from the gynoecium. This tri-
chome is more similar in appearance to the bicellular
Table 2
Comparison of Seven Isolines and the Tetraploid to Normal Clark
Normal Extra-dense Dense 2 Dense 1 Tetraploid Sharp hair tip Sparse Puberulent Glabrous
UCT 1 3.2 3.6 1.7 0.9 1 1.3 1.3 0.9
MCT 1 0.4 1.1 0.9 1.1 1 0.9 0.7 0.8
TWT 1 4.4 3.4 1.6 2 0.6 0.5 0.2 0.1
Note. Average numbers of trichomes totaled across zones, divided by the corresponding value in normal Clark. UCT ¼ unicellular
trichomes; MCT ¼ multicellular trichomes; TWT ¼ thick-walled trichomes.
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trichome than to the UCTs, MCTs, and TWTs found on all
other lines.
The elongate bicellular trichome found on all isolines ex-
cept the glabrous is interpreted as an immature TWT on the
basis of anatomical observation, not on an in-depth develop-
mental study. Its position on the gynoecium coincides with
that of TWTs. It is the first to develop and is quickly fol-
lowed by TWTs at least 1 d before the development of UCTs
and MCTs, and while it is never present in high numbers, as
are TWTs on the gynoecium, it is present in greater numbers
on the developing pod, where TWTs continue to develop.
TWTs apparently continue to increase in complexity as they
mature. They may be observed to have walls of differing
thickness and to develop papillae and are ultimately sur-
rounded by support cells on the developing pod. Since no tri-
chome initials had the definitive characters of thick walls and
papillae found on TWTs, the bicellular trichomes are the best
candidate for immature TWTs, since they have two cells, are
elongate, and occur in the same places as and develop just
before TWTs.
The pattern and density of pubescence on leaves and stems
for which each isoline was named are due to the numbers of
TWTs. The same pattern was followed by TWTs on the gy-
noecium in this study, but the relative numerical differences
were not as high. The ratio of TWTs on the dense 1 isoline
to those on the normal Clark is 4 : 1 on leaves and stems
(Bernard and Singh 1969; Singh et al. 1971), while the ratio
is 1.6 : 1 on the gynoecium. Likewise, the ratio of TWTs on
the normal Clark to those on the sparse is 3 or 4 : 1 on
leaves and stems (Singh et al. 1971), while the ratio is 2 : 1
on the gynoecium. The highest ratios of TWTs relative to the
normal were observed in the extra-dense (4.4 : 1) and dense
2 (3.4 : 1).
The morphology of TWTs on leaves and stems is the same
as that of the TWTs on the gynoecium of each isoline. The
morphology of TWTs is the same across isolines, except for
the sharp hair tip, which has a sharply pointed rather than
a blunt apex, and for the glabrous, as already discussed. Pu-
berulent TWTs look exactly like those of the normal Clark,
except that they are shorter.
Functions of Trichomes
The alleles for pubescence on leaves and stems have been
backcrossed into a number of different cultivars, particularly
in Harosoy and Clark (Bernard 1976). These cultivars were
then studied for plant growth, insect pest resistance, and seed
yield. Depending on the genetic background of the cultivar,
dense pubescence was associated with more efficient water
use (Clawson et al. 1986a, 1986b), higher reflectivity of light
from the upper canopy into the lower canopy (Baldocchi
et al. 1983; Nielson et al. 1984), taller, more vigorous plants
that lodged more severely (Hartung et al. 1980 and refer-
ences therein; Specht et al. 1985), and resistance to a variety of
insect pests, such as the potato leafhopper Empoasca fabae
and several of the aphid vectors of Soybean Mosaic Virus
(Pfeiffer et al. 2003 and references therein). Conversely, the
glabrous and puberulent isolines were highly susceptible to
potato leafhopper damage and resulted in stunted plants
(Singh et al. 1971 and references therein; Specht et al. 1985).
In the studies just cited, pubescence referred to trichomes
that resemble the TWTs on the gynoecium. The beneficial
properties bestowed on the plant by the TWTs are attributed
to the physical architecture they provide. From our obser-
vations, we speculate that there is a role of mechanical pro-
tection for the TWTs on the gynoecium as well. The early
formation of these trichomes on the gynoecium, their thick,
stiff, elongated form, their location in zone 4, where they are
positioned to protect the style, and their continued formation
on the pod all suggest a role in protection. Whether they also
help to reduce water loss and/or enhance reflectivity was not
addressed in this study. These effects have only been studied
on leaves, not gynoecia.
Secretory trichomes of various kinds are known to produce
repellent substances targeted at herbivores (Levin 1973; Re-
tallack and Willison 1988), to produce nectar (Lersten and
Brubaker 1987) or other food reward, such as pseudopollen
(Davies et al. 2002) or food-hair (van der Pijl and Dodson
1966; Davies et al. 2002), or to produce fragrances to attract
pollinators (Schiestl and Ayasse 2002 and references therein).
Few studies report trichomes on the gynoecia of soybeans,
although there have been several on pubescence of pods.
There is a positive correlation between increased pubescence
and damage by the soybean pod borer Laspeyresia glycini-
vorella (Singh et al. 1971 and references therein) and the le-
gume pod borer Maruca vitrata (Chi et al. 2003). Any reason
for this effect was not identified. Another study demonstrated
a negative correlation between increased pubescence and
feeding on pods by bean leaf beetles Cerotoma trifurcata
(Fo¨rster) (Lam and Pedigo 2001). That study demonstrated
that when the pods were shaven, feeding increased on the
formerly densely pubescent pods, but the authors did not
mention the MCTs. If shaving eliminated or damaged the
MCTs as well as the TWTs, it would be difficult to interpret
whether one or both types were inhibiting herbivory. Only
one study examined the role of MCTs on soybeans, and these
were on the leaves. MCTs are thought to secrete substances
that protect young leaves from insect herbivory (Franceschi
and Giaquinta 1983). The foliar MCTs in that study strongly
resemble the MCTs on the gynoecium. Those authors re-
ported that the secretory product was not visible. Our mate-
rial was fixed and stained with a similar protocol, and
a product is visible in the bubbles of the terminal cells and
on the gynoecium surface. While the terminal cells associated
with the bubble appear to be plasmolized, we believe that
the appearance of the bubble is associated with secretion
rather than an artifact of fixation, as the basal cells appear
normal. Densely staining material was shown around the
glands at the LM level in our study, and in SEM images of
the perennial soybean Glycine tomentella (not shown; R. A.
Healy, unpublished data). The function of a trichome may
differ, depending on its location and the developmental stage
of the organ on which it is located (Werker 2000). The secre-
tory product we observed deserves further investigation for
its composition, as the MCT may play a role in pollinator at-
traction or reward. Alternatively, the secretory product may
be related to herbivory deterrence and/or protection from mi-
crobes, as inferred for leaves. Investigation of MCT products
will also help in the interpretation of nectar analysis, since
MCT products may mix with the nectar.
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In our study, MCTs were unmodified in the tetraploid and
in all isolines. They were the most consistent in distribution
and relative numbers across zones in the tetraploid and iso-
lines. They varied the least in number among the lines except
for the extra-dense isoline, where they were notably fewer in
number. It is possible that MCTs did not develop as numer-
ously in the extra-dense because there were so few uncom-
mitted epidermal cells. This would assume that the allele that
programs dense pubescence dominates the fate of the epider-
mal cells to form TWTs.
A puberulent line (T31) was found to have a 10% out-
crossing rate in Illinois (Bernard and Jaycox 1969) and up to
58% outcrossing in India (Singh 1972). This is relatively
high compared with the 1% average outcrossing of the nor-
mal soybean. The high rate of cross-pollination was attrib-
uted to poor anther dehiscence, which resulted in structural
male sterility (Palmer et al. 2004). We found differences be-
tween the normal Clark and the puberulent gynoecial tri-
chomes that could affect outcrossing. These differences
included very short TWTs and UCTs. The UCTs differed fur-
ther in their shape, which is bulbous rather than cylindrical.
One of the effects of these morphological differences is expo-
sure on the gynoecium of MCTs and their products. In the
other lines, the MCTs are covered by the elongate UCTs. If
the MCTs produce a pollinator attractant, the product(s)
may be more readily utilized, and this may help to explain
the greater rate of outcrossing of the puberulent line. This
hypothesis will be difficult to test because the puberulent line
is particularly prone to leafhopper damage and field-grown
plants are severely stunted.
Of the three main types of trichomes, the UCTs seem to
be the most variable in number in the tetraploid, all the
isolines, and even between the greenhouse-grown and field-
grown normal Clark. While there are no significant differ-
ences between the relative numbers of MCTs and TWTs in
the greenhouse-grown and field-grown normal Clark, a sig-
nificant difference is seen in the numbers of UCTs in zones
2 and 3 along the ovary. One of the unexpected results of
our study was the higher number of UCTs on the sparse gy-
noecium relative to the normal Clark. The function of the
UCTs is unknown. It is possible that they provide a certain
amount of structural protection while remaining necessarily
flexible to serve as packing or buffer cells between the
gynoecia and adjacent staminal ring. Elongated trichomes
are thought to protect MCTs (Werker 2000). Another possi-
bility is that they help to bring nectar and/or MCT products
to the surface of the pubescence through capillary action.
It is also possible that they are transformed into TWTs as
the pod is formed. However, this speculation is doubtful,
since the glabrous isoline has normal UCTs and highly mod-
ified TWTs.
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